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I N T R O D U C T I O N
Temporal lobe epilepsy is the most common type of epilepsy in adults (Engel et al. 1997) . Depth electrode recordings have shown that seizures initiate in the mesial temporal lobe (Spencer and Spencer 1994; Wennberg et al. 2002) . The hippocampal dentate gyrus is a prominent structure of the mesial temporal lobe and has been proposed to normally suppress seizure activity by acting as a gate or low-pass filter (Collins et al. 1983; Heinemann et al. 1992) . In patients and models of temporal lobe epilepsy, the dentate gyrus displays chronic abnormalities including altered expression of ligand- (BrooksKayal et al. 1998 ) and voltage-gated channels (Bender et al. 2003) , loss of some GABAergic interneurons (de Lanerolle et al. 1989; Obenaus et al. 1993) , and synaptic reorganization (Nadler et al. 1980; Represa et al. 1987; Sutula et al. 1989 ). These and other persistent changes within and outside the dentate gyrus may contribute to temporal lobe epileptogenesis. However, epilepsy is a dynamic disease, and it remains unclear whether and how persistent changes generate transient and spontaneous seizures (Lopes da Silva and Pijn 1999; Schwartzkroin 1997) . Insight might be obtained by evaluating activity of individual dentate granule cells before and during spontaneous seizures.
During spontaneous seizures in alumina-induced neocortical epileptic foci, changes in unit activity have been reported (Ishijima 1972; Schmidt et al. 1976; Sypert and Ward 1967; Wyler 1982) . Hippocampal unit activity has been recorded and analyzed in animal models of temporal lobe epilepsy while kindling (Shi et al. 2007 ) and during latent (Sanchez et al. 2006) , interictal (Liu et al. 2003) , and postictal periods (Zhou et al. 2007 ), but not during spontaneous seizures. In patients with temporal lobe epilepsy, unit recordings have been obtained from the mesial temporal lobe during spontaneous seizures (Babb and Crandall 1976; Babb et al. 1987; Verzeano et al. 1971) . Those studies report changes in firing of some neurons around seizure onset. However, limitations of the clinical setting make it difficult to precisely determine electrode locations and identify types of neurons recorded, and there are few samples of single units available for quantitative analysis.
Although it is generally accepted that seizures are generated by pathophysiological neuronal activity, firing rates of individual neurons are rarely recorded as spontaneous seizures initiate. To address this, we evaluated a rat model of temporal lobe epilepsy. Single unit activity was isolated by tetrode recording and cluster cutting techniques. Individual neurons were classified as granule cells based on established electrophysiological criteria and anatomical verification of recording sites. Comparisons across seizures and animals were facilitated by aligning firing rate data to systematically determined electrographic onset of seizure activity recorded in dentate gyrus. We asked whether firing rates of granule cells change before or during spontaneous seizures.
M E T H O D S

Subjects
All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Stanford University Institutional Animal Care and Use Committee. As described previously, 24-to 35-day-old, male Sprague-Dawley rats (Harlan, Indianapolis, IN) were treated with pilocarpine (380 mg/kg, ip) 20 min after atropine methyl bromide (5 mg/kg, ip) (Buckmaster 2004). Diazepam (10 mg/kg, ip) was administered 2 h after onset of status epilepticus and repeated as needed. Rats that did not develop status epilepticus received diazepam 2 h after pilocarpine and were used as controls. Beginning Ն10 days after pilocarpine treatment, rats were video-monitored for Ն2 wk (40 h/wk) for motor seizures of grade 3 or greater on Racine's scale (Racine 1972) . Rats that experienced status epilepticus (n ϭ 4) were observed to have multiple spontaneous seizures (minimum ϭ 14) before they were implanted for chronic recording, which began 51-86 days after pilocarpine treatment. Control rats (n ϭ 2) were not observed to have spontaneous seizures and were recorded beginning 33-47 days after pilocarpine treatment.
To implant microdrives, rats were sedated with diazepam (10 mg/kg, ip), anesthetized with isoflurane (1.5%), placed in a stereotaxic frame, maintained on a heating pad with feedback control, and prepared for aseptic surgery. A concentric, bipolar stimulating electrode (SNEX-100, Rhodes Medical Instruments, Tujunga, CA) was implanted in the angular bundle (7.6 mm behind and 4.6 mm right of bregma and ϳ3 mm below brain surface) to aid tetrode localization into the granule cell layer. A microdrive (Ray Harlan, Wayland, MA) containing four independently moveable tetrodes was located dorsal to dentate gyrus (4.6 mm behind and 2.6 mm right of bregma) and affixed to the skull with cranioplastic cement and jeweler's screws. Each tetrode consisted of four PAC-coated nichrome wires, 15 m in diameter (California Fine Wire, Grover Beach, CA), twisted together and fused. Following surgery, rats received lactated Ringer (10 ml, sc), antibiotic (enrofloxacin, 10 mg/kg, sc), and analgesic (buprenorphine, 0.05 mg/kg, sc). An image of a similar implanted microdrive is shown in Fig. 1 of Gothard et al. (1996) , and the same model used in this study can be seen on-line (Headstage-16, http://neuralynx.com/ SingleProd.asp?ProdID ϭ 51).
Tetrode recording
Beginning Ն4 days after surgery, tetrodes were advanced over multiple days through the CA1 pyramidal cell layer-as noted by multiple, single units and polarity reversals of sharp waves (Buzsaki et al. 1990 )-and Ն750 m further until encountering a second layer of units in the granule cell layer. Tetrode placement was facilitated by examining responses to perforant path stimulation and optimized to record multiple, single units. To enhance stability, tetrodes were not advanced on recording days until after recordings were obtained. Recordings were obtained from epileptic rats continuously before, during, and after spontaneous seizures, and in control rats while they rested quietly. Signals were buffered with a lightweight headstage Neuralynx, Tucson, AZ) attached to the microdrive, amplified (Lynx-8 amplifiers, Neuralynx), digitized (Cheetah Data Acquisition, Neuralynx), and saved to disk for off-line analysis. One channel of each tetrode was filtered (0.1-1,800 Hz) to record EEG, whereas, in parallel, all four channels were filtered (600 -6,000 Hz) and sampled at 30.3 kHz to record action potentials.
Histology
After unit recording experiments were completed, rats were killed with urethane (2.0 g/kg, ip) and perfused at 30 ml/min through the ascending aorta for 2 min with 0.9% NaCl, 5 min with 0.37% sodium sulfide solution, 1 min with 0.9% NaCl, and 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The sodium sulfide solution contained 1.2% Na 2 S-9H 2 O and 1.0% NaH 2 PO 4 . Brains were removed and stored in fixative at 4°C at least overnight and were equilibrated in 30% sucrose in 0.1 M PB. Left hippocampi were straightened, frozen, and sectioned perpendicular to the septotemporal axis on a sliding microtome set at 40 m. To determine whether mossy fiber sprouting developed in epileptic rats, a 1-in-6 series of sections from the left hippocampus was processed for Timm staining. Sections were mounted on slides, dried, and developed for 45 min in 120 ml of 50% gum arabic, 20 ml of 2 M citrate buffer, 60 ml of 0.5 M hydroquinone, and 1 ml of 19% silver nitrate. Blocks of tissue from the right cerebral hemisphere, which contained tracks of stimulating and recording electrodes, were sectioned coronally on a sliding microtome set at 40 m. Continuous series of sections were stained with 0.25% thionin.
Identification of electrographic seizure onset in the dentate gyrus
In rodent models of temporal lobe epilepsy, the substrate for seizure generation is distributed over several structures, including the hippocampus, amygdala, piriform cortex, and entorhinal cortex (Bertram 1997) . In this study, a systematic procedure was developed to identify the locally recorded electrographic seizure onset in the dentate gyrus at a resolution of seconds. First, EEG recordings (0.1-1,800 Hz) were evaluated subjectively to bracket a window of seizure onset by finding the latest time of normal EEG activity (latest-normal) and the earliest time of clear seizure activity (clear-seizure). Within the bracketed period, seizure onset was estimated "by eye" as the first appearance of persistent, rhythmic activity. This was done independently by each author, and the earlier of the two onsets used. Next, three objective measures of seizure onset were computed. The slow wave (Bragin et al. 2005 ) was identified by low-pass filtering EEG traces (cut-off, 1 Hz) and identifying the peak associated with the largest voltage change within the seizure onset window. Spectrograms were computed using discrete, prolate, spheroids (pmtm function, Matlab, Mathworks, Nawtick, MA), which produce estimates of spectral power optimized for discrete time windows (Percival and Walden 1993) . Two frequency windows were examined. The peak of summed spectral power for low frequencies (20 -200 Hz) looked for changes in the gamma frequency band. The peak of the summed spectral power for high frequencies (200 -600 Hz) looked for changes in frequency ranges previously associated with seizure onset (Bragin et al. 2005) . In both cases, summed spectral power was smoothed with a low-pass filter (cut-off, 1 Hz). The earliest of these four measurements-by eye, slow wave, 20 -200 Hz power, or 200 -600 Hz power-provided a conservative (i.e., as early as possible) estimate of dentate gyrus electrographic seizure onset time. In this study, seizure onset refers to this time point.
Cluster cutting
To avoid interference from possible seizure-related artifacts, cluster boundaries for each neuron were established using only interictal data obtained during the period preceding seizure onset. Epochs beginning Ն10 min before behavioral seizure onset and ending at seizure onset (i.e., not including data recorded during the seizure) were used to identify single units by grouping similar waveforms McNaughton et al. 1983a ) based on four features: peak amplitude, sum of the squared amplitude (i.e., energy), and the first two principal components. An automated, cluster identification program was used first (KlustaKwik-1.6, K. D. Harris et al., Rutgers University) followed by manual selection of final clusters (MClust-3.0.3, A. D. Redish et al., University of Minnesota). Cluster boundaries, which were identified from interictal data, were applied to all data obtained during that recording session, including data obtained during seizures. Action potentials of individual neurons were clearly separable during the early part of seizures, but became more difficult to identify as a seizure progressed. Several factors might have contributed to this observation including synchrony of unit activity with electrographic ictal spikes (Wyler 1982) , synchrony with other units , or increased background noise (Sypert and Ward 1967) . Therefore we analyzed only the first minute following seizure onset.
When matching across sequential seizures, clusters isolated during an epoch before the first seizure were applied to data obtained before the second seizure and the best match identified by the greatest overlap of spikes with cluster boundaries. This process was repeated in reverse; i.e., by applying clusters isolated during an epoch before the second seizure to data obtained before the first. If two clusters chose one another as best matches, average waveforms from the first and second seizures were compared to determine whether they showed a high degree of similarity. If so, they were treated as describing the same neuron during the two seizures.
Statistical analysis
Perievent time histograms (PETHs) were computed by aligning data to seizure onsets and binning. Seizure onset occurred at the boundary between two bins. Mean duration between latest-normal EEG and clear-seizure activity represents the maximum uncertainty of seizure onset time. Bin widths of PETHs were set at 30 s, which is roughly two times that value.
Normality within groups was established using a KolmogorovSmirnov test. Bonferroni correction was applied to the repeatedmeasures t-test and ANOVAs. A P value of 0.05 was chosen as the cut-off for significance in all statistical tests. SE is reported in all cases.
R E S U L T S
Histology
All rats displayed a stimulating electrode track ending in the angular bundle (data not shown) and one or two tetrode tracks ending in the granule cell layer of the dentate gyrus ( Fig. 1, A and B). Hilar neuron loss and aberrant mossy fiber sprouting were evident in all epileptic rats but not controls (Fig. 1) .
Identification of dentate gyrus electrographic seizure onset
In each epileptic rat, recordings were obtained 4 -12 h/d until five spontaneous seizures were recorded in which no
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FIG. 1. Anatomical verification of tetrode locations and temporal lobe epilepsy-like pathology in the dentate gyrus. Nissl-stained sections show tetrode tracks ending in the granule cell layer (arrows) in a control (A) and epileptic pilocarpine-treated rat (B). The epileptic rat displays fewer neurons in the hilus (h). m, molecular layer; g, granule cell layer; CA3, CA3 pyramidal cell layer. Sections from a comparable septotemporal level in the contralateral hippocampus of the same rats show aberrant Timmstaining in the inner molecular layer (arrows) in the epileptic rat (D) but not in the control (C). Recording day is time after surgical implantation of microdrive. Preseizure behavior was resting quietly (R) or moving (M). Seizure behavior is based on Racine (Racine 1972 ); 0, no behavioral component; 1, facial clonus; 2, head nodding; 3, forelimb clonus; 4, rearing; 5, rearing and falling. Seizure onset marker indicates which of the four electrographic markers was earliest: s, slow wave; e, by eye; l, low-frequency (20-200 Hz) summed spectral power; h, high-frequency (200-600 Hz) summed spectral power. For each tetrode, number of recorded units is indicated, with units ascribed to seizure-related activity patterns: P-inc, preictal-increase; P-dec, preictal-decrease; I-inc, ictal-increase; U, unchanged. seizure activity was observed for the preceding hour. Both convulsive and nonconvulsive seizures were included (Table 1) . The earliest of one subjective and three objective electrographic seizure onset markers was identified (Fig. 2) . Each of the four seizure onset markers gave the earliest estimate in at least one case, and the by-eye estimate was earliest most often (Table 1) . The average time between the earliest and latest seizure marker was Ͻ4 s and the maximum was Ͻ15 s. Thus variability in seizure onset markers was small relative to the bin size used to analyze unit data (30 s). Duration of the seizure onset window (between points of latest-normal EEG and clear-electrographic seizure activity) was 16.8 Ϯ 1.4 s (range, 6.0 -33.3 s). Latency between the beginning of the seizure onset window and the earliest seizure onset marker was 4.8 Ϯ 0.6 s (range, 0.2-11.6 s). A typical spontaneous seizure recorded in dentate gyrus is shown in Fig. 2A . Electrographically in the 0.1-to 1,800-Hz frequency range, a seizure usually began with a period of relative quiet, which lasted ϳ10 -20 s. This quiet period was associated with low-amplitude [ϳ200 V root mean square (r.m.s.), compared with ϳ400 V during baseline periods], high-frequency (80 -100 Hz) oscillations, similar to the lowvoltage fast-type seizure onsets commonly observed in epileptic patients (Bragin et al. 2005 ). This was followed by a tonic phase that lasted another 20 -30 s, containing a series of positive spikes occurring at 20 -40 Hz. This tonic period was normally followed by a clonic phase that lasted 20 -40 s consisting of low-frequency bursts (1-2 Hz) of high-frequency (30 -50 Hz), large-amplitude positive spikes (ϳ3 mV or larger). Burst duration increased and frequency decreased toward the end of seizures. Seizures were followed by a relatively silent (Ͻ50 V r.m.s.), postictal depression phase that lasted up to several minutes. This stereotyped pattern was observed across all levels of behavioral seizure severity, including nonconvulsive seizures. Electrographic seizures lasted 75.6 Ϯ 4.0 s (range, 50.4 -110.5 s). Behavioral seizure onsets consistently appeared to follow electrographic onsets.
Seizure-related unit activity
Action potential waveforms diverged from background noise (ϳ20 V r.m.s., 600 -6,000 Hz) with an ϳ80 V amplitude, brief (width at half-maximum amplitude ϳ70 s) negative-going spike, and a subsequent positivity of longer duration (Fig. 2E ). Before and during the earliest phases of seizures, waveform morphology of a given unit showed little variation (Fig. 2F) . Following seizures, during postictal depression, firing frequencies were very low. However, low postictal firing rates are not likely attributable to changes in tetrode position, because within a few minutes waveforms returned.
Tetrodes recorded the same action potentials on four closely spaced wires, which aided identification and separation of waveforms generated by different neurons (McNaughton et al. 1983b ). An example that shows part of the process of ascribing action potentials to individual neurons is shown in Fig. 3 . For each recorded action potential, four features (peak amplitude, energy, and 1st 2 principal components) were computed for each of four tetrode channels, allowing all possible pairs of features to be viewed as scatter plots. Figure 3A shows two such scatter plots. Action potentials generated by the same neuron produce a cluster of nearby points that are separated by a combination of computer algorithm and investigator classification (see METHODS). Multiple features are evaluated, because they vary in capacity to discern individual neurons. For example, plotting energy of channel 2 versus 3 shows a distinct FIG. 2. Tetrodes were used to identify dentate gyrus electrographic seizure onset and record action potentials from multiple, single cells. A: EEG (0.1-1,800 Hz) of a spontaneous seizure recorded from a tetrode channel. Electrographic seizure onset is indicated by a red, vertical line. B: expanded view of EEG recording bracketed by what appeared to be the latest normal EEG activity and clear seizure activity. Within the bracketed region, electrographic seizure onset was estimated by 4 markers. One marker was determined by eye as the earliest onset time chosen independently by each author. To identify the 1st objective marker of seizure onset, EEG data were low-pass filtered (1 Hz), and the peak preceding the largest peak-to-valley deflection was identified (slow wave). C and D: spectrograms were computed for 200-ms windows. Larger values are indicated by red colors. Spectral power was summed and low-pass filtered (1 Hz), and the peak (arrow) identified for 2 frequency ranges: high frequency (200 -600 Hz) and low frequency . E1: onset of electrographic seizure activity in dentate gyrus was defined as the earliest of 4 markers (by eye, in this example). Unit activity was recorded from all 4 tetrode channels (including the same channel used to record EEG) by sampling at 30.3 kHz and filtering (600 -6,000 Hz). Multiple, single neurons were isolated off-line by cluster cutting techniques. Action potentials from 2 units are indicated by magenta-and green-filled circles. E2 and E3: expanded views of data from E1 ϳ10 s after seizure onset. Individual action potentials from different neurons remain separable from noise. F: action potential waveforms averaged from 5-s epochs before (black) and after seizure onset (colored) were similar, suggesting waveforms did not change immediately after seizure onset. The ability of tetrodes to separate action potentials of multiple neurons is shown by the difference in amplitudes and waveforms observed on the different channels. Unit activity shown in E1-E3 was taken from channel 3 (asterisk). cluster of action potentials generated by the blue neuron in Fig.  3 , whereas plotting the first versus second principal component of channel 1 more clearly separates action potentials generated by the red and black neurons.
Individual units were recorded in four epileptic and two control rats (n ϭ 121 and 7 units, respectively). In epileptic rats, three units with extremely low (Ͻ0.01 Hz) baseline firing rates and two putative interneurons with baseline firing rates Ͼ5 Hz were dropped from further analysis (Jung and McNaughton 1993; Ranck 1973 ). Mean firing rates of remaining individual units during the baseline period ranged from 0.019 to 1.83 Hz. Of the 123 units included, 109 had mean firing rates Ͻ1 Hz, and 14 had mean firing rates between 1 and 2 Hz. All displayed irregular firing as indicated by multimodal and/or skewed interspike interval distributions or very low firing rates. No differences were observed between control or epileptic rats with respect to mean firing rate, peak-to-valley spike width, or peak-to-valley spike amplitude (Fig. 4) . Based on previously established criteria, including low baseline firing frequency (Jung and McNaughton 1993; Ranck 1973) , all units were classified as putative granule cells. However, we cannot exclude the possibility that low-frequency firing interneurons may have been included.
Raster plots aligned to seizure onset showed variability in granule cell activity patterns. Some cells appeared to increase or decrease firing before seizure onset, others increased firing only after seizure onset, whereas others did not change firing frequency before or during seizures (Fig. 5A ). To quantify seizure-related variability, firing rate data from all granule cells were binned, mean firing rates were calculated, and CVs were computed for each bin (Fig. 5B) . CVs increased significantly beginning 1.5 min before seizure onset and remained elevated until seizure onset. A sudden decrease in the CV occurred during the first 30 s after seizure onset, which might be associated with near simultaneous onset of increased firing of many units. During the second 30 s after onset, firing frequency of some units dropped markedly, whereas others continued at high rates, which likely contributed to the observed increase in the CV.
To further evaluate seizure-related changes, individual cells were classified by comparing (2-tailed t-test) their mean firing rate during the minute preceding seizure onset to that during the baseline period, which was 10-5 min before seizure onset. Cells with higher firing rates 1 min before seizure onset were labeled preictal-increase (n ϭ 39, 33.6%), whereas those with lower rates were labeled preictal-decrease (n ϭ 37, 31.9%). Of remaining cells, those showing a significant increase in mean firing rate during the first minute after seizure onset were labeled ictal-increase (n ϭ 18, 15.5%). All others were labeled unchanged (n ϭ 22, 19.0%). No cells displayed significant decreases in firing rate following seizure onset. By definition, the preictal groups excluded the ictal-increase pattern. However, some cells that displayed preictal changes also showed increased firing after seizure onset. A total of 55% of recorded units fired more frequently after seizure onset compared with baseline.
Firing rates were normalized within each cell to its mean firing rate during the baseline period. Firing rates for preictalincrease (-decrease) patterns appeared to increase (decrease) from baseline abruptly and persist near the altered rate at least until seizure onset (Fig. 6) . The timing of preictal shifts in firing rate ranged from 4.0 to 0.5 min before seizure onset. Firing rates of most ictal-increase cells increased markedly during the first 30 s of the seizure. A minority of ictal-increase cells delayed increased firing until the second 30 s of the seizure.
Normalized firing rates were averaged within each group, and a repeated-measures ANOVA was used to identify when . Action potential waveforms and baseline firing rates were similar for units recorded in control and epileptic rats and among different seizure-related activity pattern groups in epileptic rats. Spike width and amplitude were measured from peak-to-valley. Firing rate was measured while control rats rested quietly and during baseline periods (10 -5 min before seizure onset) in epileptic rats. There were no significant differences between control and epileptic rats or between groups based on seizure-related activity patterns. Error bars indicate SE.
persisting changes occurred (P Ͻ 0.05, Bonferroni correction; Fig. 7 ). Mean normalized firing rate for the preictalincrease group began rising 4 min before the electrographic seizure onset in the dentate gyrus and continued to build, eventually exceeding 2 times baseline firing rate. Mean normalized firing rate for the preictal-decrease group differed significantly from baseline beginning 1.5 min before seizure onset and continued to decrease, eventually decreasing to 21% of baseline. As expected, no preictal changes were observed in mean normalized firing rates of ictalincrease or unchanged cells. After seizure onset, mean normalized firing rate of ictal-increase cells rose to 4.4 times baseline. When all cells were considered as an ensemble without regard to group, no persistent difference in mean normalized firing rate was observed prior to seizure onset, but several bins in the 4-to 2-min epoch before seizure onset were significantly elevated. After seizure onset, mean normalized firing rate of the entire sample eventually increased to 3.6 times baseline.
To determine whether seizure-related activity patterns of individual cells were fixed or changed randomly from seizure to seizure, activity patterns of 37 neurons that had been recorded during sequential, spontaneous seizures were compared. During the first of two seizures, there were 6 preictalincrease, 17 preictal-decrease, 7 ictal-increase, and 7 unchanged cells. These counts were further divided according to group membership during the second seizure, producing a matrix of counts (Fig. 8A) . The number of observations in each group during the first seizure was multiplied by the overall percentages of group membership across the entire sample of granule cells (33.6, 31.9, 15.5, and 19 .0% for preictal-increase, preictaldecrease, ictal-increase, and unchanged groups, respectively) to compute the expected number of observations for each group during the second seizure, if seizure-related changes in activity were random. Observed counts were not random (P ϭ 0.043, 2 test). Persistent group membership exceeded that expected by chance. In addition, more cells than expected shifted between preictal-increase and ictal-increase groups. Examples of individual cells with preserved and different grouped membership across two sequential seizures are shown (Fig. 8, B and C) .
D I S C U S S I O N
Action potential firing rates of a substantial fraction of granule cells changed significantly before and during spontaneous seizures in an animal model of temporal lobe epilepsy. Heterogeneous groups of seizure-related activity were observed. Although group membership was variable, individual granule cells tended to display the same general seizure-related activity pattern from seizure to seizure.
Identification of electrographic seizure onset in dentate gyrus
Many techniques exist to aid spatial localization of seizure foci in patients (Fisch and Spehlmann 1999) , but little emphasis has been placed on identifying reliable, temporal markers within EEG recordings around which seizure-related events may be aligned with a resolution of seconds (but see Meeren et al. 2002) . In this study, sites of seizure onset are unclear because rodent models of temporal lobe epilepsy display variability in this regard (Bertram 1997) , and we recorded only in dentate gyrus. However, by using four electrographic markers and choosing the earliest in each seizure, we conservatively estimated local seizure onset times within dentate gyrus. Results showed little effect of using multiple seizure onset markers, because variability in timing of seizure onset markers was small relative to the bin size of unit data. Realigning unit data to a single seizure marker (e.g., slow wave), instead of the earliest, did not significantly affect seizure-related unit firing patterns.
Seizure onset times were identified from low-frequency data (Ͻ2 kHz) and not from action potential data. Nevertheless, abrupt increases in firing rates across seizures and animals became apparent after unit activity was aligned by markers identified from low-frequency data, suggesting estimated onset times correlated with underlying ictal transition mechanisms reflected by sudden increases in unit firing.
Heterogeneous seizure-related activity patterns of granule cells
At least four different patterns of seizure-related unit activity were observed. What might account for the heterogeneity? One 6. Seizure-related granule cell activity patterns are heterogeneous. Normalized firing rate perievent time histograms (PETHs) of individual cells aligned to dentate gyrus electrographic seizure onset (time ϭ 0) and grouped according to seizure-related activity pattern. A: firing rate of each granule cell was normalized to its mean rate during the baseline period (10 -5 min before seizure onset). Different patterns of seizure-related activity included preictal-increase, preictal-decrease, ictal-increase, and unchanged. B: examples from each category. In each PETH, the cyan line indicates the unit's mean normalized firing rate during the baseline period. Seizure onset is indicated by a vertical, red line. possibility is that recordings were obtained from different neuronal types-granule cells and various interneuron classes. This is unlikely because all units were recorded in the granule cell layer, displayed similar waveforms, and had low baseline firing frequencies (Jung and McNaughton 1993; Ranck 1973) . What then might account for heterogeneity among granule cells? If groups of granule cells with similar seizure-related activity patterns were physically clustered, one might expect a tetrode, which has a limited recording range, to detect units with similar activity patterns. However, every possible combination of seizure-related activity groups was recorded simultaneously at least twice by individual tetrodes (Table 1) , suggesting granule cells with different activity patterns were in close proximity and intermixed. In normal rats, granule cells display heterogeneous activity patterns in the form of place cells. In contrast to periods of quiet rest when many granule cells discharge at baseline rates, during exploration only a subset produce place-related responses, whereas others remain relatively silent (Jung and McNaughton 1993) . This phenomenon is thought to be an emergent property of the synaptic connection matrix of granule cells. In one environment, placerelated responses are reliably observed for a given granule cell, even though that cell is assumed to have anatomical and electrophysiological characteristics similar to its neighboring granule cells that are much less active in that environment. By analogy, heterogeneous seizure-related unit activity patterns might be an emergent network property among the population of similar granule cells. Actual granule cells, however, do show anatomical and functional variability. For example, dendritic structure varies according to soma location (Claiborne et al. 1990 ). Granule cells continue to be generated in adult animals (Kaplan and Hinds 1977) , and new cells display distinct morphological (Zhao et al. 2006 ) and electrophysiological characteristics (Schmidt-Hieber et al. 2004) . After epileptogenic treatments, neurogenesis increases (Parent et al. 1997) , and subsets of granule cells develop basal dendrites (Spigelman et al. 1998 ) and form aberrant synapses (Represa et al. 1993) . At this time, however, it is unclear which, if any, parameters correlate with seizurerelated activity patterns.
Ictal-increase pattern
Previous studies found that some cells in the mesial temporal lobe increase firing at electrographic seizure onset in patients with temporal lobe epilepsy (Babb and Crandall 1976; Babb et al. 1987) . Similarly, firing rates of ictalincrease cells rose abruptly when electrographic seizure activity was first detected in dentate gyrus of epileptic rats. During seizures, mean normalized firing rates of ictalincrease cells were Ͼ4 times higher than baseline levels. False-positive detections of action potentials are an unlikely explanation, because action potentials were attributed to individual neurons by clustering similar waveforms (McNaughton et al. 1983b) . Clusters are boundaries in 16-dimensional feature space defined by the number of recording channels and waveform features. Using four channels per tetrode and four waveform features (peak amplitude, energy, and 1st and 2nd principal components) provides power to separate clusters and reduces probability of incorrectly assigning detected events . It is unlikely that artifacts or aberrant waveforms during seizures would fit clusters established from data obtained before seizures and mistakenly increase firing rates. During seizures, however, false negatives could have occurred, because of overlapping action potentials or changes in extracellular milieu that affect action potential waveforms. Therefore we may have underestimated the magnitude of increased firing during seizures. . Mean normalized firing rates among different seizure-related activity pattern groups. Beginning 4 min before dentate gyrus electrographic seizure onset, mean normalized preictal-increase activity diverges significantly from baseline and increases progressively. Beginning 1.5 min before seizure onset, preictal-decrease activity differs significantly from baseline and decreases progressively. Ictal-increase activity does not differ from baseline until immediately after seizure onset. Unchanged activity shows no significant seizure-related changes. *P Ͻ 0.05, repeated-measures ANOVA with Bonferroni correction, compared with the mean, normalized firing rate during baseline (10 -5 min before seizure onset). In some cases, firing rate during seizures exceeds the scale of the y-axis, and maximum firing rate is indicated numerically over bins. If both bins during the seizure exceed the limit, the higher value of the 2 is listed. Error bars indicate SE.
Unchanged pattern
During spontaneous seizures in patients with temporal lobe epilepsy, firing frequencies change in only a fraction of neurons in an epileptic focus, whereas activity of some cells remains unchanged (Babb and Crandall 1976; Babb et al. 1987) . Similarly, firing rates of 19% of granule cells recorded in epileptic rats did not change significantly before or during spontaneous seizures. This is remarkable considering that severe, electrographic seizure activity was recorded simultaneously from the same tetrodes. Five of seven cells that displayed unchanged firing patterns during a first seizure, subsequently showed preictal changes in firing rate during a second seizure (Fig. 8) . Therefore neurons that display unchanged firing patterns do not seem to be damaged or disconnected from other neurons.
Preictal-decrease pattern
Many granule cells in epileptic rats showed a significant decrease in firing frequency before seizure onset. Analysis of multiunit activity recorded in amygdala during a spontaneous seizure in a patient suggested that activity of some units may decrease before seizure onset (Verzeano et al. 1971) . One possible mechanism is that preictal-increase cells activate local inhibitory feedback circuits, which in turn inhibit preictaldecrease cells. Consistent with this hypothesis, mean normalized preictal-increase activity rose before preictal-decrease activity declined. Several preictal-decrease neurons displayed bimodal firing patterns, first increasing and then decreasing (Figs. 6 and 8C), suggesting competing factors of initial excitation followed by inhibition. Another possibility is that preictal-decreases are linked to behavioral state, not an impending seizure. When rats move or groom, granule cell firing rates usually decrease (Jung and McNaughton 1993) . However, this is an unlikely explanation, because 21 preictal-decrease cells were recorded during seizures that began while rats were resting quietly and not grooming or moving (Table 1) . It is unlikely that preictal-decrease activity is an artifact of missed action potentials, because many preictal-decrease units displayed normal firing rates during baseline periods and high 8. Seizure-related activity patterns tend to persist across seizures. A: when a neuron was recorded during multiple seizures, its seizure-related activity pattern classification from the 1st seizure was preserved during the 2nd seizure more often than would be expected by chance (P Ͻ 0.043, 2 test). Each row groups responses for cells showing a similar activity pattern during a first seizure, e.g., the top row indicates that 6 cells displayed preictal-increase activity during their 1st seizure, and during a 2nd seizure, 4 (66%) continued to display preictal-increase activity, whereas 2 (33%) displayed ictal-increase activity, instead. Magenta lines show the percentage of responses during the 2nd seizure that would be expected by chance, based on activity patterns of the entire sample. Gray bars indicate percentage of granule cells whose seizure-related activity pattern was consistent across seizures. B: example of a granule cell that displayed similar seizure-related activity during consecutive seizures. PETHs of normalized firing rate show preictal increases in activity above baseline (blue line) during both seizures. Average waveforms recorded by each channel of a tetrode were similar from the 1st (black lines) and 2nd seizure (magenta lines), suggesting the same cell was recorded during both seizures. C: example of a granule cell from a different rat that displayed different seizure-related activity during 2 consecutive seizures. PETHs of normalized firing rate show preictal-decrease activity during the 1st seizure and preictal-increase activity during the 2nd seizure. Average waveforms were similar from the 1st (black lines) and 2nd seizure (green lines), suggesting the same cell was recorded during both seizures. firing rates after seizure onset, suggesting good recording conditions throughout the baseline, preictal, and seizure periods. Increased firing rates during seizures suggest that after seizure onset, possible sources of preictal inhibition weakened or were overcome by increased excitatory input.
It has been proposed that, in epileptic pilocarpine-treated rats with mossy fiber sprouting, granule cells are hyperinhibited and relatively quiet during spontaneous seizures (Harvey and Sloviter 2005) . In contrast, granule cells display early and extensive Fos expression after spontaneous seizures in epileptic pilocarpine-treated mice (Peng and Houser 2005) . In this study, 19% of recorded granule cells showed unchanged activity before and during seizures. Another 18% were preictaldecrease cells whose firing rate did not increase during seizures. However, a substantial fraction of recorded cells (63%) became active before and/or during spontaneous seizures. This percentage may underestimate the level of granule cell activity during seizures, because only the first minute after seizure onset was analyzed and some seizures lasted Ͼ1 min.
Preictal-increase pattern
The largest fraction of recorded granule cells (34%) displayed increased preictal activity. As described above, increased activity is not likely attributable to artifactual detections. Furthermore, many sources of electrographic artifacts can be excluded during the preictal period. Rats usually were resting quietly before seizure onset (Table 1) , scratching and chewing were not observed during preictal periods included in our sample, and potential movement artifacts caused by convulsions were not a factor during preictal periods.
Significantly increased preictal activity begins 4 min before seizure onset recorded locally in dentate gyrus. Based on this finding, we propose the following hypotheses: First, although electrographic seizures may originate elsewhere, we believe they are unlikely to begin earlier than 4 min before electrographic onset measured in dentate gyrus. Second, in other brain regions, preictal changes in neuronal firing rate might occur before locally recorded electrographic seizure activity. Third, the gradual buildup of preictal activity may reflect reverberation and reinforcement across synaptically linked structures of the limbic system, rather than sequential, sudden "turning on" of one region followed by another. We have observed a similar, gradual buildup of preictal activity by CA3 pyramidal cells (unpublished observations). However, additional experiments are necessary to test these predictions.
The finding of increased preictal granule cell discharges may be novel, although analysis of multiunit activity recorded in amygdala during a spontaneous seizure in a patient suggested that some units may show increased preictal activity (Verzeano et al. 1971) . It is tempting to speculate that preictal unit activity might be related to prodromal symptoms some patients consistently experience several minutes before seizure onset (Rajna et al. 1997) . Quantitative analyses of EEG recordings detect significant preictal changes in patients with temporal lobe epilepsy (Iasemidis et al. 2005; Le Van Quyen et al. 2000 Lehnertz and Elger 1998; Litt et al. 2001; Martinerie et al. 1998; Navarro et al. 2005) . The activity of preictalincrease cells may be related to some of these preictal EEG changes.
In this study, unit and EEG recordings were obtained only from dorsal dentate gyrus in one cerebral hemisphere. Sites of seizure onset may lie outside the recorded region. If other brain regions display seizure-related changes in firing rates before those observed in granule cells, seizure prediction horizons could be extended even further than suggested by this study. Whether they are within the initiating epileptic focus or not, preictal cells may provide opportunities for predicting seizures. Unpredictability of seizures puts patients at increased risk for accidents (Buck et al. 1997) , causes anxiety, and degrades quality of life (Murray 1993) . Although recent studies have shown the use of recording seizure-related events at frequencies Յ500 Hz (Staba et al. 2004) , our findings show additional, potentially useful information in even higher frequency ranges (Յ6,000 Hz) that include action potential activity of individual neurons. Future studies will test whether preictal changes in firing rate are sensitive and specific predictors of spontaneous seizures. 
